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The Nicotinic Acetylcholine Receptor �5 Subunit Plays a Key
Role in Attention Circuitry and Accuracy
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Stimulation of the prefrontal cortex by acetylcholine is critical for attention; however, the cellular mechanisms underlying its influence on
attention pathways within the brain are not well understood. Pyramidal neurons in layer VI of the prefrontal cortex are believed to play
an important role in this process because they are excited by acetylcholine and provide a major source of feedback projections to the
thalamus. Here, we show using whole-cell electrophysiology that the relatively rare �5 subunit of the nicotinic acetylcholine receptor
powerfully enhances nicotinic currents in layer VI pyramidal neurons in prefrontal cortical brain slices from adult mice. In addition,
behavioral experiments using the five-choice serial reaction time test show that the presence of the nicotinic receptor �5 subunit also
increases the accuracy of adult mice on this visual attention task under highly demanding conditions. Together, these findings demon-
strate a novel and important role for the nicotinic receptor �5 subunit in adult brain circuitry required for attentional performance.

Introduction
Modulation of medial prefrontal cortex (mPFC) by acetylcholine
(ACh) is critical for attention (Passetti et al., 2000; Dalley et al.,
2004; Parikh et al., 2007), and stimulation of the nicotinic sub-
class of acetylcholine receptor (nAChR) within the mPFC ap-
pears to be particularly important for attentional performance
under conditions of high attentional demand (Hahn et al., 2003;
Newhouse et al., 2004; Lambe et al., 2005; Day et al., 2007). Py-
ramidal neurons within layer VI of the mPFC are likely central to
this process because they are a major source of feedback projec-
tions to the thalamus (Alitto and Usrey, 2003; Gabbott et al.,
2005; Zikopoulos and Barbas, 2006) and are directly excited by
nAChRs (Kassam et al., 2008). These layer VI nicotinic receptors
are pentameric ligand-gated cation channels of the �4�2* sub-
type (Kassam et al., 2008), which are composed of two �4 sub-
units, two �2 subunits, and a fifth accessory subunit (for review,
see Albuquerque et al., 2009; Gotti et al., 2009). The accessory
subunit does not participate in ligand binding but rather influ-
ences agonist efficacy at the receptor (Moroni et al., 2006; Kuryatov
et al., 2008). Although an additional �4 or �2 subunit can occupy
this accessory position, the �5 subunit functions exclusively as an
accessory subunit (Ramirez-Latorre et al., 1996; Gotti et al.,
2009). We are particularly interested in the �5 accessory subunit
because it is densely expressed within layer VI of mPFC (Wada et

al., 1990; Marks et al., 1992; Salas et al., 2003; Winzer-Serhan and
Leslie, 2005) and may therefore influence nicotinic regulation of
attention within this brain region. It is not known how the �5
accessory subunit affects the function of whole neurons of atten-
tion circuits and the performance of attentional tasks.

Here, we investigate the role of the �5 nicotinic subunit in
nicotinic excitation of layer VI pyramidal neurons within the
mPFC using a mouse line in which the �5 subunit has been
genetically deleted (Salas et al., 2003). Using whole-cell electro-
physiological recording in acute brain slices from adult mice, we
found that the presence of the �5 subunit dramatically increased
�4�2* nicotinic currents in layer VI pyramidal neurons. Because
the �5 subunit changed the properties of nicotinic currents in a
population of neurons thought to be important for attention, we
next examined the role of the �5 subunit on the cognitive perfor-
mance of mice on an attention task, the five-choice serial reaction
time test (5-CSRTT). Under conditions of high attentional de-
mand, we found that accuracy in this task was significantly
greater in wild-type (WT) mice expressing the �5 subunit com-
pared with mice that did not express the �5 subunit. Our results
indicate that the �5 nicotinic subunit plays a distinct role in
cholinergic modulation of the neurons in the major corticotha-
lamic feedback layer and is required for normal attentional per-
formance under challenging conditions.

Materials and Methods
Experimental animals. Mice deficient for the nAChR �5 subunit were
generated and described previously (Salas et al., 2003). This congenic line
had been backcrossed into a C57BL/6J background for �10 generations
and was the source for wild-type and nAChR �5 subunit knock-out
(�5 �/�) mice used in this current study. Mice were weaned at 3 weeks of
age, separated based on sex, and housed in groups of two to four per cage
at an ambient temperature of 22°C with a 12 h light/dark cycle with lights
on at 7:00 A.M. Mice were given ad libitum access to food and water
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except when noted below for behavioral experiments. Male mice were
used for all experiments. All experimental animals were cared for accord-
ing to the principles and guidelines of the Canadian Council on Animal
Care. The experimental protocol was approved by the University of Toronto
Animal Care Committee, and the behavioral experiments were approved by
the Centre for Addiction and Mental Health Animal Care Committee.

Brain slice preparation. Coronal slices 400 �m thick of the mPFC were
prepared from adult mice aged from postnatal days 60 –180. Mice were
killed by decapitation under chloral hydrate anesthesia (400 mg/kg) ad-
ministered intraperitoneally in a dilute solution. Brains were excised as
rapidly as possible and cooled in 4°C oxygenated sucrose artificial CSF
(ACSF) (in mM: 254 sucrose, 10 D-glucose, 24 NaHCO3, 2 CaCl2, 2
MgSO4, 3 KCl, and 1.25 NaH2PO4, pH 7.4). Prefrontal slices were cut
using a Dosaka Linear Slicer (SciMedia) from anterior to posterior using
the appearance of white matter and the corpus callosum as anterior and
posterior guides to target recording to the prelimbic region (Paxinos and
Franklin, 2001; Gabbott et al., 2005). Slices were transferred to oxygen-
ated ACSF (composition listed above except 128 mM NaCl was substi-
tuted for sucrose) maintained at 30°C in a prechamber (Automate
Scientific) and allowed to recover for at least 2 h before the beginning of
an experiment. For whole-cell recordings, slices were placed in a modi-
fied chamber (Warner Instruments) mounted on the stage of an Olym-
pus BX50WI microscope. Regular ACSF was bubbled with 95% oxygen
and 5% carbon dioxide and flowed over the slice at room temperature
with a rate of 3– 4 ml/min.

Electrophysiology. Whole-cell patch electrodes (2–3 M�) contained 120
mM K-gluconate, 5 mM KCl, 2 mM MgCl, 4 mM K2-ATP, 400 �M Na2-GTP,
10 mM Na2-phosphocreatine, and 10 mM HEPES buffer, adjusted to pH 7.3
with KOH. Medial prefrontal layer VI pyramidal neurons were patched un-
der visual control using infrared differential interference contrast micros-
copy. All recordings were made using an Axopatch 200B (Molecular
Devices), acquired, and low-pass filtered at 2 kHz using a Digidata 1440A
data acquisition system (Molecular Devices). Patched neurons were first
recorded in current-clamp mode at their resting membrane potentials. Their
membrane potential responses to positive and negative current steps were
recorded to measure their electrophysiological properties. Pharmacological
experiments were not performed on fast-spiking interneurons because they
have been demonstrated to respond only to indirect effects of nicotinic
stimulation (Kassam et al., 2008).

For pharmacological experiments, neurons were held at �75 mV un-
der voltage-clamp mode, which is near the calculated equilibrium poten-
tial for chloride under these conditions. All agonists were applied in the
bath in the presence of atropine (200 nM, continuous application) to
block muscarinic receptors. For certain ACh concentration–response
experiments only, slices were preexposed to 20 �M diisopropyl fluoro-
phosphate (DFP) in the bath for 10 min to inactivate endogenous acetyl-
cholinesterase and facilitate comparison of EC50 values with those
obtained previously in reduced preparations. For all experiments, ago-
nists were applied after a baseline period, and peak acetylcholine and
nicotine currents were measured using Clampfit software (Molecular
Devices) by subtracting the mean inward current at the peak of the response
from the mean inward current at baseline. Acetylcholine was allowed to wash
out for at least 5 min before reapplication (10 min for concentration–re-
sponse experiments after exposure to DFP), and nicotine was only applied to
one cell per slice. The effects of repeated nicotine applications (with no or
specified washout periods) were recorded in certain experiments with re-
cordings made in only one cell per exposed slice.

Recording of GABAergic spontaneous postsynaptic currents (sPSCs)
was performed with patch electrodes that contained 50 mM K-gluconate,
75 mM KCl, 2 mM MgCl, 4 mM K2-ATP, 400 �M Na2-GTP, 10 mM Na2-
phosphocreatine, and 10 mM HEPES buffer, adjusted to pH 7.3 with
KOH. GABAergic sPSCs were recorded under the same conditions
described above but with the addition of continuous application of
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (20 �M) to block
AMPA glutamate receptors. Under these conditions, the observed sPSCs
were completely blocked by the addition of 10 �M bicuculline. Anal-
ysis of GABAergic sPSCs at baseline and during the application of
nicotine (100 –300 nM) was performed using Mini Analysis Program
(Synaptosoft).

Tetrodotoxin (TTX) was obtained from Alomone Labs. Atropine,
acetylcholine chloride, nicotine hydrogen bitartrate, dihydro-�-
erythroidine hydrobromide (DH�E), CNQX, and bicuculline were ob-
tained from Sigma-Aldrich or Tocris Cookson and stored in stock
solutions at �20°C before being diluted and applied to the slice in oxy-
genated ACSF.

Five-choice serial reaction time test. The 5-CSRTT was conducted in oper-
ant conditioning test chambers (Med Associates) measuring 21.6 � 17.8 �
12.7 cm. One curved, stainless steel wall of the chamber contained five round
apertures measuring 1.3 cm in diameter that were 1 cm deep and located 0.8
cm above the floor. An infrared photodetector was located at the entrance to
each aperture, and a yellow stimulus light diode was centered at the back of
each aperture. The opposite wall of the chamber was also constructed of
stainless steel. A reinforcer magazine, equipped with an infrared photodetec-
tor and a light, was centered in this wall 2.5 cm above the floor. A motor-
driven dipper arm could be raised to deliver 0.01 ml of 10% (w/v) sucrose
solution to the magazine. Each box was illuminated by a house light and was
enclosed in a sound-attenuating chamber equipped with a ventilation fan.
All boxes were controlled by a personal computer running Med-PC-IV soft-
ware (Med Associates).

Thirteen wild-type and 13 �5 �/� mice were housed individually with
ad libitum access to water and were food restricted to maintain a body
weight of �85% of their free-feeding body weight. Training was initiated
by placing a mouse in the chamber with all five response apertures illu-
minated. A response in any of the apertures extinguished the lights, illu-
minated the magazine light, and resulted in dipper elevation presenting
0.01 ml of 10% (w/v) sucrose. The dipper remained elevated until the
reward had been collected. Sessions lasted for 30 min or 100 trials. Sub-
sequently, mice were placed in the chamber with only one aperture illu-
minated. A response in that aperture extinguished that light, illuminated
the magazine light, and resulted in dipper elevation until the reward had
been collected. Sessions lasted for 30 min or 100 trials. Once all mice had
successfully acquired this task, training on the 5-CSRTT began.

The training session began with illumination of the house light and the
magazine light and elevation of the dipper. A nose poke in the magazine
initiated the first trial. After a fixed intertrial interval (ITI) of 5 s, one of
the five light stimuli was illuminated for a brief period; a response in that
hole while the light was on or during a short limited-hold period of 5 s
resulted in the elevation of the dipper and illumination of the magazine
light. A nose poke into the magazine to collect the reinforcer initiated the
ITI to the next trial. Incorrect responses or failures to respond were not
reinforced and were followed by a 5 s timeout period of darkness. A
timeout period also followed perseverative responding, defined as addi-
tional responses made in any of the five holes before reinforcer collection.
At the end of timeout periods, the magazine light was turned on, and a
nose poke in the magazine began the next trial. Responses during the ITI
were recorded as premature responses and were followed by a timeout.
Magazine responses at the end of the timeout periods restarted the same
trial. Sessions lasted for 40 min or 100 trials; each stimulus was presented
up to 20 times in a random order. Training began with the stimulus
duration set at 30 s, which was gradually reduced depending on perfor-
mance to a final training stimulus duration of 1 s. Accuracy of responding
was measured by calculating the percentage of correct responses [correct
responses/(correct responses � incorrect responses) � 100] and the per-
centage of omissions was calculated as (omissions/total number of tri-
als) � 100. The number of trials performed, number of premature
responses, latency to respond correctly, and latency to collect the rein-
forcer also were recorded.

Testing at different stimulus durations commenced once all mice had
successfully acquired the task with the stimulus duration set at 1 s. Each
mouse was tested at all four of the following stimulus durations: 0.125,
0.25, 0.5, and 1 s. The order for stimulus duration testing was determined
from Latin squares, with mice being tested on Tuesdays and Saturdays.
On intervening weekdays, mice were run on the basal training task with
the stimulus duration set at 1 s. For all testing and training conditions, the
ITI and limited hold were both set to 5 s.

Testing for the effects of nicotine took place 2 months after the testing
of baseline attentional performance described above. The stimulus dura-
tion for this pharmacological experiment was set at 0.063 s with the ITI
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and limited hold, both set at 5 s. Each mouse was tested with 0.03 mg/kg
nicotine and saline (0.9% NaCl) vehicle control in a random-balanced
order on a Tuesday and Friday of the same week. On nontest weekdays
before and during the experiment, mice were run on the basal training
task with the stimulus duration set at 1 s. We used (�)-nicotine bitartrate
and calculated the dose according to the free base, and all solutions were
adjusted to pH 7.0. Treatment was administered subcutaneously at a
volume of 1 ml/100 g body weight, and the testing session began 5 min
after each injection, at which time plasma nicotine concentration is near
maximum for C57BL/6 mice after this route of administration (Siu and
Tyndale, 2007). We calculated that this subcutaneous dose of 0.03 mg/kg
likely results in peak mouse brain nicotine concentrations near 117 nM,
which is relevant to the levels of nicotine observed in the human brain during
cigarette smoking (Rose et al., 2010). Our calculations were based on a pre-
vious study that examined the plasma and brain concentrations of nicotine
in mice after intraperitoneal injections (Petersen et al., 1984) and one that
examined the plasma concentration of nicotine in mice after subcutaneous
injections (Siu and Tyndale, 2007). For our calculations, we assumed a
mouse cerebral cortex density of 1.05 g/ml (Thumwood et al., 1988).

Because systemic nicotine at 0.5 mg/kg (more than an order of mag-
nitude above the dose we used in the 5-CSRTT) has been shown to inhibit
mouse locomotor ability (Salas et al., 2003), we tested the effect of saline
and two concentrations of nicotine on locomotor activity in our mice.
Motor activity experiments were conducted 3 weeks after the completion
of the nicotine 5-CSRTT experiment in a custom-built monitor system,
consisting of clear polycarbonate cages measuring 25 cm wide, 20 cm
high, and 45 cm in length. An array of 12 infrared photocells was attached
outside the longer sides of the cages. The photocells were spaced 3.75 cm
apart and were located 2 cm above the floor of the cage. Mice were
administered each of saline vehicle, 0.03 mg/kg nicotine, and 0.3 mg/kg
nicotine in a balanced order based on Latin squares on 3 testing days that
were each separated by four nontesting days. Solutions were made as
described above and administered subcutaneously. Mice were immedi-
ately placed singly into the testing cages, and locomotor testing began 5
min after each injection for a total of 40 min.

Statistical analysis. All data are presented as mean � 1 SEM. All data-
sets analyzed were found to be normally distributed by the Shapiro–Wilk
normality test. Genotype analysis of electrophysiology experiments com-
paring the response to acetylcholine and nicotine across the genotypes
were performed using unpaired two-tailed t tests. The electrophysiolog-
ical experiments to assess the inward currents and changes in root mean
square (RMS) current noise elicited by different concentrations of nico-
tine were analyzed by repeated-measures two-way ANOVA, followed by
Bonferroni’s-corrected post hoc tests, as were the effects of nicotine on the

GABAergic sPSC frequency and amplitude.
When significant effects were found, the influ-
ence of nicotine within each genotype was tested
by one-way ANOVA. The desensitization exper-
iment was analyzed by two-way ANOVA, fol-
lowed by Bonferroni’s-corrected post hoc tests.
The behavioral experiments to assess baseline at-
tention and the effects of nicotine on locomotor
activity were also analyzed by repeated-measures
two-way ANOVA, followed by Bonferroni’s-
corrected post hoc tests. Analysis to determine the
effects of nicotine in the 5-CSRTT was performed
using a paired two-tailed t test within each geno-
type group. All statistical analyses were per-
formed using GraphPad Software Prism 5.

Results
The �5 nicotinic subunit boosts the
amplitude of nicotinic currents in
layer VI
To examine the role of the �5 subunit in
the ACh current response in layer VI
pyramidal neurons of mPFC, we pre-
pared acute brain slices from adult male
C57BL/6 mice that were either wild type

or constitutively deleted for the �5 subunit (�5�/�) (Salas et al.,
2003). We blocked muscarinic acetylcholine receptors using 200
nM atropine in the bath and performed whole-cell electrophysi-
ological recordings of neurons that were held at �75 mV under
voltage clamp. As illustrated in Figure 1, the inward currents
elicited by ACh (1 mM, 10 s) were significantly greater in neurons
from wild-type mice (40.2 � 4.7 pA; n � 18) compared with
�5�/� mice (14.0 � 1.3 pA; n � 33) (two-tailed unpaired t test,
p 	 0.0001). We observed no genotype effect on the basic elec-
trophysiological properties of these same neurons, including
resting membrane potential (wild type, �72.3 � 1.4 mV; �5�/�,
�72.7 � 0.8 mV; two-tailed unpaired t test, p � 0.8), spike am-
plitude (wild type, 104.9 � 2.5 mV; �5�/�, 105.6 � 1.6 mV; p �
0.8), or input resistance (wild type, 171.9 � 15.2 M�; �5�/�,
186.2 � 11.5 M�; p � 0.5). The magnitude of current responses
to ACh in neurons from both wild-type and �5�/� mice was
resistant to blocking action potentials with TTX (2 �M, 10 min)
before ACh application (two-tailed paired t test, p � 0.1; n � 5)
(exemplary traces shown in Fig. 1B) and, in fact, showed a small
increasing trend under these conditions. The nicotinic currents
in layer VI neurons of both genotypes were significantly attenu-
ated when we applied the �4�2* nAChR-selective competitive
inhibitor DH�E (3 �M, 10 min) before ACh (two-tailed paired t
test, p � 0.02; n � 5) (exemplary traces shown in Fig. 1B). These
results using TTX and DH�E are consistent with the previous
results obtained in rat (Kassam et al., 2008) and mice (Alves et al.,
2010) and suggest that somatodendritic �4�2* nAChRs mediate
the nicotinic inward currents on the recorded layer VI pyramidal
neurons.

We next sought to determine whether the larger ACh currents
observed in the presence of �5-subunit-containing nAChRs re-
sulted from a left shift in the ACh concentration–response curve.
We first measured the current response to 30 s bath application of
ACh at concentrations ranging from 300 nM to 3 mM and found
that wild-type neurons showed a greater efficacy of response to
ACh compared with �5�/� neurons (Fig. 2A,C). Expressing the
same data as a function of the maximal ACh response within each
individual neuron, shown in Figure 2B, allows differences in
ACh sensitivity between the genotypes to be visualized more

Figure 1. Direct excitation of medial prefrontal layer VI pyramidal neurons by acetylcholine is dependent on the nicotinic
receptor �5 subunit. A, The peak inward current response to 10 s bath application of 1 mM acetylcholine was significantly greater
in neurons from wild-type mice expressing the �5 subunit (WT) compared with neurons from mice in which the �5 subunit had
been genetically deleted (�5 �/�) (two-tailed unpaired t test, *p 	 0.0001). Values are mean � 1 SEM. B, Voltage-clamp traces
showing typical responses in one neuron each from a WT and an �5 �/� mouse. For neurons of both genotypes, inward current
responses to acetylcholine were resistant to 10 min pretreatment with TTX (2 �M) to block action potentials and were significantly
reduced by 10 min pretreatment with the �4�2* nicotinic receptor competitive inhibitor DH�E (3 �M), indicating that responses
were mediated by �4�2* receptors located directly on the recorded neurons.
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clearly. Because the concentration–re-
sponse curves did not show a sigmoidal
relationship, we hypothesized that the ex-
ogenously applied ACh was being actively
metabolized by the endogenous acetyl-
cholinesterase present in the brain slice
preparation. To test this hypothesis and
facilitate comparison with EC50 values ob-
tained in cell system (Ramirez-Latorre et
al., 1996; Tapia et al., 2007; Kuryatov
et al., 2008) and synaptosome studies
(McClure-Begley et al., 2009; Grady et al.,
2010), a separate set of concentration–re-
sponse experiments were conducted after
inactivation of acetylcholinesterase in the
brain slices with DFP at 20 �M for 10 min.
The irreversible inactivation of acetyl-
cholinesterase resulted in a striking left
shift in the monophasic ACh concentra-
tion–response curve for neurons from
wild-type mice (Fig. 2, compare D,E
with A,B in untreated slices), in which the
EC50 was measured to be 8 �M [n � 5;
95% confidence interval (CI), 6 –10 �M].
In contrast, the concentration–response
curve generated from �5�/� mice was
best fit to a two-component nonlinear re-
gression model (extra sum-of-squares F
test, F(3,39) � 3.45; p � 0.03). The high-
affinity component of this model contrib-
uted to 26% of the total response and had
an EC50 of 0.9 �M (n � 5; 95% CI, 0.2–3
�M), whereas the low-affinity component
contributed to 74% of the total response
and was characterized by an EC50 of 91 �M

(n � 5; 95% CI, 60 –137 �M). The irre-
versible inhibition of acetylcholinesterase
results in prolonged nicotinic currents, as
shown in the exemplary traces in Figure
2F, demonstrating that acetylcholinester-
ase normally contributes to the rapid re-
moval of ACh from the brain slices during
each washout period.

The �5 nicotinic subunit increases the
current elicited by nicotine
Nicotine binds with high affinity to �4�2*
nAChRs in human brain (Brody et al.,
2006) and within the rodent prefrontal
cortex (Gozzi et al., 2006). We tested the
ability of nicotine to activate �4�2*
nAChRs on layer VI mPFC neurons to as-
sess how the �5 subunit affects activation
by nicotine in an intact neuronal system.
Application of 300 nM nicotine, a level
consistent with that seen in the blood of
smokers (Henningfield et al., 1993; Rose
et al., 2010), resulted in an inward current
that had a slow onset and persisted with
continued application of nicotine (Fig. 3).
The steady-state amplitude was equiva-
lent to the current elicited by a low level of
ACh. The mean inward current in re-

Figure 2. Presence of the �5 subunit alters the efficacy and sensitivity of the nicotinic receptor response to acetylcholine in
medial prefrontal layer VI pyramidal neurons. Concentration–response curves for 30 s bath application of acetylcholine in un-
treated slices (A–C) and after inhibition of acetylcholinesterase with DFP (D–F ) are shown for the absolute peak inward current
response (A, D) and for the percentage of the maximal response within each neuron (B, E) for neurons from WT mice and for
neurons from mice in which the �5 subunit had been genetically deleted (�5 �/�). Values are shown as mean � 1 SEM.
Nonlinear curve fit analysis of the percentage maximal response after inhibition of acetylcholinesterase (E) finds that neurons from
WT mice show one high-affinity response site, whereas neurons from �5 �/� mice show both high-affinity and low-affinity
response sites, with the high-affinity component being responsible for 26% of the total response. Exemplary voltage-clamp traces
showing inward current responses at three acetylcholine concentrations are shown for one neuron each from a WT and an �5 �/�

mouse in untreated slices (C) and in slices after inhibition of acetylcholinesterase (F ). Because acetylcholinesterase normally
contributes to the rapid removal of acetylcholine from the slice during the washout period (C), irreversibly inhibiting this enzyme
with DFP results in prolonged nicotinic currents (F ).
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sponse to nicotine was approximately three times greater in wild-
type mice (16.2 � 1.7 pA; n � 10) compared with �5�/� mice
(6.1 � 1.2 pA; n � 7) (two-tailed unpaired t test, p � 0.0006).
Exemplary traces are shown in Figure 3A. Next, we examined the
ability of increasing concentrations of nicotine to elicit inward
currents, to mimic the conditions the brain experiences as some-
one smokes a cigarette (Rose et al., 1999, 2010). As illustrated in
Figure 3B, applications of 100, 300, and 500 nM nicotine in con-
secutive 5 min segments resulted in successive increases in the
magnitude of the nicotine-induced inward current in neurons
from wild-type mice (five of five neurons) but did not result in
successive increases in neurons from �5�/� mice (zero of five
neurons), suggesting potential desensitization of their nicotinic
receptors by the first concentration of nicotine applied (100 nM).

For both genotypes, the mean inward cur-
rents elicited by the increasing concentra-
tions of nicotine are shown in Figure 3C.
Two-way repeated-measures ANOVA
found effects of nicotine concentration
(F(2,16) � 15.90; p � 0.0002) and genotype
(F(1,16) � 31.41; p � 0.0005), with an in-
teraction between the two (F(2,16) � 17.63;
p 	 0.0001), and Bonferroni’s post hoc
analysis found genotype differences at
each nicotine concentration ( p 	 0.05).
Interestingly, separate analysis of each ge-
notype by one-way repeated-measures
ANOVA found that nicotine significantly
influenced current amplitude in neurons
from wild-type mice (F(2,8) � 17.76; p �
0.001) but not in neurons from �5�/�

mice (F(2,8) � 0.68; p � 0.5). The opening
of ionotropic nicotinic receptor channels
by nicotine would be expected to increase
the RMS current noise of the voltage-
clamp recordings. The current noise anal-
ysis for this experiment is shown in Figure
3D, in which two-way repeated-measures
ANOVA found significant effects of nico-
tine (F(3,21) � 37.85; p 	 0.0001) and ge-
notype (F(1,21) � 14.27; p � 0.007), with
an interaction between the two (F(3,21) �
17.95; p 	 0.0001). Figure 3D shows that
RMS current noise was comparable be-
tween the genotypes at baseline, and Bon-
ferroni’s post hoc analysis found that the
nicotine-induced increase in RMS current
noise was significantly greater in neurons
from wild-type mice compared with neu-
rons from �5�/� mice at each concentra-
tion of nicotine ( p 	 0.05). Separate
analysis of each genotype by one-way
repeated-measures ANOVA found that
nicotine significantly increased RMS cur-
rent noise in neurons from both wild-type
(F(3,12) � 23.41; p � 0.0001) and �5�/�

(F(3,12) � 11.14; p � 0.0009) mice.
A number of studies have shown that

nicotinic agonists can directly excite a
subset of interneurons within layers I–V
of the rat cerebral cortex (Xiang et al.,
1998; Porter et al., 1999; Christophe et al.,
2002; Couey et al., 2007) and that this ex-

citation can augment inhibitory signaling to pyramidal neurons
within layer V of rat mPFC (Couey et al., 2007). We next sought
to test whether nicotinic excitation of interneurons within mouse
mPFC influences the inhibition of layer VI pyramidal neurons.
Because the nAChR �5 subunit mRNA has been identified in only a
subset of cortical interneurons directly excited by nicotinic agonists
(Porter et al., 1999; Christophe et al., 2002), we also sought to test
whether the presence of this subunit alters any changes in inhib-
itory signaling that are observed. To this end, we measured
GABAergic sPSCs in layer VI pyramidal neurons of the mPFC
under baseline conditions and in response to bath application of
100 nM nicotine for 5 min, followed immediately by 300 nM nic-
otine for 5 min. These experiments were performed with high
chloride patch solution and glutamate receptor blockade. In

Figure 3. Excitation of medial prefrontal layer VI pyramidal neurons by nicotine is dependent on the nicotinic receptor �5
subunit. A, Example voltage-clamp traces showing the inward current response to 300 nM nicotine in one neuron each from a WT
mouse expressing the �5 subunit and a mouse in which the �5 subunit had been genetically deleted (�5 �/�). The peak inward
currents were significantly greater in neurons from WT mice (16.2 � 1.7 pA; n � 10) compared with neurons from �5 �/� mice
(6.1 � 1.2 pA; n � 7) (two-tailed unpaired t test, p � 0.0006). Nicotine applied in the bath at 100, 300, and 500 nM in consecutive
5 min intervals (exemplary traces shown in B) resulted in successive increasing current responses in neurons from WT mice but
resulted in small currents in neurons from �5 �/� mice that did not appreciably increase in response to greater nicotine concen-
trations. Mean inward currents from this experiment (n � 5 for each genotype) are shown in C, in which there were significant
effects of nicotine (two-way repeated-measures ANOVA, p � 0.0002) and genotype ( p � 0.0005), with a significant interaction
between the two ( p 	 0.0001). Neurons from WT mice showed greater inward current compared with neurons from �5 �/�

mice at each nicotine concentration (Bonferroni’s post hoc test, *p 	 0.05). There were significant effects of nicotine in WT mice
(one-way repeated-measures ANOVA, p � 0.001) but not in �5 �/� mice ( p � 0.5). RMS current noise analysis is shown in D, in
which there were similar effects of nicotine (two-way repeated-measures ANOVA, p 	 0.0001), genotype ( p � 0.007), and an
interaction between the two ( p 	 0.0001). Current noise was not different at baseline, but it was greater in WT mice compared
with �5 �/� mice at each nicotine concentration (Bonferroni’s post hoc test, *p 	 0.05). There were significant effects of nicotine
on the magnitude of current noise in both WT mice (one-way repeated-measures ANOVA, p � 0.0001) and �5 �/� mice ( p �
0.0009). Values are shown as mean � 1 SEM.
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wild-type animals, one of six neurons tested showed increases in
sPSC frequency and amplitude when exposed to both 100 and
300 nM nicotine (Kolmogorov–Smirnov test comparing nicotine
with baseline, p 	 0.01), and another neuron showed an increase
in sPSC amplitude at 300 nM nicotine only ( p 	 0.01). Similarly
in the �5�/� mice, one of six neurons tested showed increased
sPSC frequency with 300 nM nicotine ( p 	 0.01). Two-way
repeated-measures ANOVA found no effect of genotype (F(1,20)

� 1.17; p � 0.3) or nicotine (F(2,20) � 2.45; p � 0.1) on GABAer-
gic sPSC frequency (means at baseline: wild type, 0.3 � 0.1 Hz,
n � 6; �5�/�, 0.5 � 0.2 Hz, n � 6). Similarly, there were no
effects of genotype (F(1,20) � 0.70; p � 0.4) or nicotine (F(2,20) �
0.49; p � 0.6) on GABAergic sPSC amplitude (means at baseline:
wild type, 29.9 � 3.5 pA, n � 6; �5�/�, 30.8 � 2.6 pA, n � 6).
Thus, concentrations of nicotine that consistently activate layer
VI pyramidal neurons only activate their GABAergic afferents in
a small proportion of instances, and no role was evident for the
nAChR �5 subunit in this signaling.

The �5 nicotinic subunit protects against desensitization
Nicotine exhibits a complex pharmacology at nicotinic receptors
in which concentrations sufficient to activate the receptor may
convert active nAChRs via conformational change to a desensi-
tized state that is unresponsive to subsequent agonist exposure
(Pidoplichko et al., 1997; Quick and Lester, 2002). To test the
hypothesis that nicotine has different desensitizing effects de-
pending on genotype, we tested the layer VI neuronal response to
ACh before and after prolonged exposure to nicotine. We first re-
corded the current response to ACh (1 mM for 30s). Next, we applied
either 100 or 300 nM nicotine for 10 min, allowed for 10 min of
washout to permit the inward current elicited by nicotine to return
to baseline (to avoid interpretation problems associated with sum-
mation of currents), and then repeated the ACh application. We
then calculated the percentage desensitization induced by nicotine
within each individual neuron as [(ACh current before nicotine �
ACh current after nicotine)/ACh current before nicotine] � 100.
Desensitization was indeed greatly affected by the presence of the �5
subunit, because the neurons from wild-type mice showed approx-
imately half as much desensitization at each concentration of nico-
tine as those from �5�/� mice. Two-way ANOVA of the
desensitization data shown in Figure 4A found significant effects of
genotype (F(1,25) � 47.94; p 	 0.0001) and nicotine concentration
(F(1,25) � 6.12; p � 0.02). Moreover, Bonferroni’s post hoc test found
significant effects of genotype at 100 nM nicotine (wild type, 29�7%
desensitization, n � 6; �5�/�, 57 � 3% desensitization, n � 6; p 	
0.01) and at 300 nM nicotine (wild type, 36 � 4% desensitization,
n � 9; �5�/�, 73 � 4% desensitization, n � 8; p 	 0.001).

We further examined the protective properties of the �5 sub-
unit against receptor desensitization by repeating the succession
of nicotine and ACh applications. As shown for an example wild-
type neuron in Figure 4B, the inward current resulting from 1
mM ACh (30s) was reduced after the first 10 min exposure to 300
nM nicotine but was not additionally reduced by a second expo-
sure to nicotine. Even coapplication of ACh during a third nico-
tine application resulted in a cumulative inward current similar
to that seen during the previous two ACh applications, suggesting
that a component of the layer VI nicotinic current in wild-type
mice is resistant to acute desensitization by 300 nM nicotine. In
�5�/� mice, in contrast, the layer VI nicotinic currents appear
more vulnerable to desensitization by exposure to this level of
nicotine. As shown in an exemplary neuron in Figure 4B, the
current elicited by ACh appeared to decrease after each successive
nicotine application and the ACh current elicited in the presence

Figure 4. Presence of the nicotinic receptor �5 subunit protects medial prefrontal layer VI pyra-
midal neurons from nicotine-induced receptor desensitization. A, Nicotinic receptor desensitization
by nicotine within individual neurons was calculated by measuring peak inward current responses to
bathapplicationof1mM acetylcholine(30s)beforeandafterexposuretoeither100or300nM nicotine
for 10 min. There were significant effects of nicotine concentration (two-way ANOVA, p � 0.02) and
genotype ( p	0.0001) on percentage desensitization after nicotine exposure. Neurons from mice in
which the �5 subunit had been genetically deleted (�5 �/�) showed greater desensitization com-
pared with neurons from WT mice expressing the �5 subunit after exposure to both 100 nM nicotine
(Bonferroni’s post hoc test,*p	0.01)and300nM nicotine(**p	0.001).Valuesaremean�1SEM.
B, Example voltage-clamp traces in response to acetylcholine are shown before (Baseline) and after
(After 1st nic) an initial 10 min exposure to 300 nM nicotine for one neuron each from a mouse of each
genotype.Nicotinewaswashedoutoftheslicesfor10min,duringwhichtimecurrentsignalsreturned
to baseline. Although there was an initial desensitization in neurons from WT mice, the resulting
acetylcholine current response was preserved after a second 10 min exposure to nicotine (After 2nd
nic)andwasalsopreservedwhenacetylcholinewasappliedduringathird10minexposuretonicotine
(During 3rd nic). In contrast, the acetylcholine response was diminished or even abolished in neurons
from �5 �/� mice after subsequent 10 min exposures to nicotine. Note that nicotine continues to
showactivationaleffects(increaseininwardcurrentandcurrentnoise)evenonthethirdapplicationin
the WT neuron but does not show these effects in the �5 �/� neuron.
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of nicotine was negligible. Results from this series of experiments
demonstrate that the presence of the �5 subunit within �4�2*
nAChRs on mPFC layer VI pyramidal neurons increases the ag-
onist efficacy of nicotine and appears to protect these receptors
from desensitization induced by exposure to nicotine.

The �5 nicotinic subunit is required for normal attentional
performance in mouse
Because ACh levels in mPFC play an important role in attention
gating (Dalley et al., 2004; Parikh et al., 2007) and layer VI pyramidal
neurons serve as a major output from this region to the thalamus
(Gabbott et al., 2005), we next sought to determine whether the
presence of the nicotinic �5 subunit influences attentional per-
formance using the 5-CSRTT (Robbins, 2002). Mice (n � 26; 13
of each genotype) were trained to detect and respond to a brief
light stimulus randomly presented in one of five spatial locations
to receive a sucrose reward. The duration of the stimulus presen-
tation in this task can be varied to alter demands on attentional
resources, with a shorter stimulus duration requiring greater atten-
tional demand. Because nicotinic receptor function is thought to be
a limiting factor in attentional performance only under challenging
conditions (Newhouse et al., 2004; Lambe et al., 2005), we examined
the effect of �5 nicotinic subunit expression in our mice on atten-
tional performance under challenging conditions characterized by
short stimulus durations. For detailed description of the training and

testing procedure, see Materials and Meth-
ods. Results from this experiment are shown
in Table 1 and Figure 5A.

Under the baseline training condition
of 1 s stimulus duration, the mice per-
formed at high accuracy, and there were
no differences in performance between
genotypes. Performance under conditions
of increased attentional demand was then
assessed by testing each mouse for one ses-
sion each in which the stimulation dura-
tion was 1 (training control), 0.5, 0.25,
and 0.125 s. The order of sessions was de-
termined from a Latin square, with 3 d of
regular training (1 s stimulus duration) be-
tween test days. During this experiment,
one wild-type and one �5�/� mouse
stopped performing and were therefore ex-
cluded from the subsequent analysis. As il-
lustrated in Figure 5A and Table 1, accuracy
of responding was reduced overall by
shorter stimulus duration (two-way
repeated-measures ANOVA, F(3,66) �
154.77; p 	 0.0001), and this effect was
more pronounced in �5�/� mice (main
effect of genotype, F(1,66) � 10.28; p �
0.004). A Bonferroni’s post hoc analysis
demonstrated that wild-type mice re-
sponded with greater accuracy compared

with �5�/� mice at the stimulus duration of 0.125 s (62.5 � 2.8 vs
54.3 � 2.5%, respectively; p 	 0.05). It is interesting to note that
significant differences in attention performance of similar mag-
nitude (�1 SD) have been reported in human studies (Sunder-
land et al., 1989; Foldi et al., 1992; Okonkwo et al., 2008b) and are
believed to have profound consequences on the performance of
complex tasks (Okonkwo et al., 2008a). As illustrated in Table 1,
we found no main effect of �5 genotype on the other measures
within this experiment, including the number of trials performed
(F(1,66) � 1.21; p � 0.3), percentage omissions (F(1,66) � 1.47; p �
0.2), number of premature responses (F(1,66) � 0.84; p � 0.4), cor-
rect latency (F(1,66) � 1.18; p � 0.3), or reinforcer latency (F(1,66) �
2.62; p � 0.12). In addition to the effect on percentage accuracy
described above, we also found significant effects of stimulus dura-
tion on the number of trials performed (F(3,66) � 14.64; p 	 0.0001),
percentage omissions (F(3,66) � 23.68; p 	 0.0001), number of pre-
mature responses (F(3,66) � 19.20; p 	 0.0001), and correct latency
(F(3,66) � 6.32; p 	 0.0008) but not on reinforcer latency (F(3,66) �
0.81; p � 0.5). There were no significant interactions between
genotype and stimulus duration for any measure.

Effect of nicotine on attentional performance
We then assessed how nicotine affects attentional performance in
the 5-CSRTT in both genotypes. Acute nicotine has been shown

Figure 5. The nicotinic receptor �5 subunit is required for normal attentional performance under challenging conditions. WT
mice expressing the �5 subunit and mice in which the �5 subunit had been genetically deleted (�5 �/�) were trained on the
five-choice serial reaction time test for sustained visual attention. A, WT and �5 �/� mice responded with equal percentage
accuracy at the 1 s stimulus duration used during acquisition of the task. Lowering the stimulus duration to make the task more
challenging resulted in a main effect on percentage accuracy overall (two-way repeated-measures ANOVA, p 	 0.0001), and WT
mice responded with greater percentage accuracy compared with �5 �/� mice when the stimulus duration was lowered (two-
way repeated-measures ANOVA, genotype effect, p � 0.004; Bonferroni’s post hoc test at 0.125 s, *p 	 0.05). Values are mean �
1 SEM. Complete results for this experiment are presented in Table 1. B, In a subsequent experiment, each mouse was run on the
task with the stimulus duration set at 0.063 s 5 min after administration each of saline and 0.03 mg/kg nicotine. WT mice
performed with greater percentage accuracy compared with �5 �/� mice after saline treatment (two-way repeated-measures
ANOVA, genotype effect, p � 0.02; Bonferroni’s post hoc test with saline treatment, *p 	 0.05). Although there was no overall
effect of nicotine (two-way repeated-measures ANOVA, treatment effect, p � 0.2), separate analysis within each genotype group
found that percentage accuracy was significantly decreased by nicotine in the WT group only (two-tailed paired t test, ‡p�0.005).
Values are mean � 1 SEM. Complete results for this experiment are presented in Table 2.

Table 1. Performance on the 5-CSRTT at varying stimulus durations

Stimulus duration (s)

Number of trials** Percentage accuracy** Percentage omissions** Premature** Correct latency (s)** Reinforcer latency (s)

WT �5 �/� WT �5 �/� WT �5 �/� WT �5 �/� WT �5 �/� WT �5 �/�

1.0 98.2 � 1.8 100 � 0.0 97.6 � 0.6 97.0 � 0.9 24.3 � 3.0 31.5 � 3.6 1.3 � 0.4 1.0 � 0.3 0.75 � 0.02 0.76 � 0.03 1.45 � 0.04 1.50 � 0.04
0.5 95.5 � 2.5 96.1 � 3.0 92.4 � 1.3 86.7 � 2.1 36.0 � 4.5 42.1 � 5.1 1.9 � 0.5 3.1 � 0.9 0.61 � 0.03 0.63 � 0.04 1.44 � 0.05 1.56 � 0.06
0.25 87.4 � 3.6 93.8 � 3.2 79.5 � 2.8 72.3 � 2.1 43.2 � 3.7 47.5 � 3.0 3.8 � 0.9 5.6 � 1.5 0.62 � 0.04 0.70 � 0.05 1.39 � 0.04 1.51 � 0.06
0.125 78.0 � 4.8 83.8 � 5.6 62.5 � 2.8 54.3 � 2.5* 47.3 � 4.4 50.7 � 2.8 7.3 � 1.1 7.5 � 1.1 0.67 � 0.05 0.74 � 0.05 1.44 � 0.05 1.51 � 0.04

Data are presented as mean � 1 SEM. *p 	 0.05 compared with WT mice at 0.125 s stimulus duration. **p 	 0.001 for an overall effect of stimulus duration. Accuracy measures are also depicted in the graph in Figure 5A.
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to influence attentional performance in ro-
dents and in humans (Mirza and Stolerman,
1998; Mumenthaler et al., 1998; Hahn et al.,
2003; Lambe et al., 2005; Hoyle et al., 2006;
Day et al., 2007; Pattij et al., 2007), and our
results in mouse brain slice show that
the presence of the �5 subunit allows for
greater nicotine-elicited inward currents in
mPFC neurons involved in attention cir-
cuits. We therefore hypothesized that the
�5 subunit may be necessary for nicotine to
influence mouse performance in the
5-CSRTT under challenging conditions.

This experiment was performed with
the same mice used for the stimulus dura-
tion experiment described above and took
place approximately 2 months later. To
ensure that the mice would be adequately
challenged on the task, we set the stimulus
duration to 0.063 s. We tested wild-type
and �5�/� mice in the 5-CSRTT starting
5 min after subcutaneous administration
of either saline or 0.03 mg/kg nicotine in a randomized and bal-
anced cross-over design. During the 5-CSRTT experiment, one
wild-type mouse stopped performing the task and was therefore
excluded from the analysis. Based on experimental values ob-
tained in previous mouse studies (Petersen et al., 1984; Thum-
wood et al., 1988; Siu and Tyndale, 2007) (our calculations are
described in Materials and Methods), the subcutaneous dose of
0.03 mg/kg likely results in peak mouse brain nicotine concentra-
tions near 117 nM, a concentration that is sufficient to both acti-
vate and desensitize nAChRs in layer VI pyramidal neurons (Figs.
3, 4) and is relevant to the levels of nicotine observed in the
human brain during cigarette smoking (Rose et al., 2010). Results
from this experiment are shown in Table 2 and Figure 5B.

The results from the saline condition of the study (Fig. 5B)
replicated our previous finding that wild-type mice performed
with greater accuracy on the demanding attention task compared
with �5�/� mice. Two-way repeated-measures ANOVA found
that there was a significant effect of genotype (F(1,23) � 5.91; p �
0.02) on accuracy; Bonferroni’s post hoc test found that wild-type
mice exhibited greater percentage accuracy than �5�/� mice
with saline treatment only (Fig. 5B) ( p 	 0.05). As seen in pre-
vious work (Mirza and Stolerman, 1998; Hahn et al., 2003; Pattij
et al., 2007), nicotine resulted in a small but significant increase in
the number of premature responses (F(1,23) � 7.15; p � 0.01) and
decreased correct latency (F(1,23) � 4.82; p � 0.04) in both geno-
types, suggesting that these effects may be mediated by nicotinic
receptors that do not contain the �5 subunit. It has been sug-
gested recently that the nicotinic receptors relevant for the effects
of nicotine on impulsivity are �4�2 receptors in the infralimbic
prefrontal cortex (Tsutsui-Kimura et al., 2010). There were no
statistically significant effects of nicotine on percentage accuracy
as tested by two-way ANOVA (F(1,23) � 1.91; p � 0.2). However,

we noticed that nicotine decreased accuracy in 11 of 12 wild-type
mice, and a paired Student’s t test analysis showed a significant
effect of nicotine in wild-type mice (two-tailed paired t test, p �
0.005). No such relationship was seen in �5�/� mice (two-tailed
paired t test, p � 0.8). These results suggest that nicotine is able to
affect performance under demanding conditions in wild-type
mice but not in �5�/� mice. As illustrated in Table 2, we found
no main effect of genotype on the number of trials performed
(F(1,23) � 0.66; p � 0.4), percentage omissions (F(1,23) � 0.01; p �
0.9), number of premature responses (F(1,23) � 0.66; p � 0.4),
correct latency (F(1,23) � 0.02; p � 0.9), or reinforcer latency
(F(1,23) � 0.01; p � 0.9). Beyond the effects of nicotine on prema-
ture responding and correct latency described above, there were no
significant effects of nicotine on the number of trials performed
(F(1,23) � 2.38; p � 0.14), percentage omissions (F(1,23) � 1.57; p �
0.2), or reinforcer latency (F(1,23) � 0.09; p � 0.8). There were no
significant interactions between genotype and nicotine for any
measure.

Control experiment to assess effects of nicotine on
locomotor activity
Because systemic nicotine administered at 0.5 mg/kg (more than
an order of magnitude above the dose used in our 5-CSRTT) has
been shown previously to inhibit locomotor activity in wild-type
mice (Salas et al., 2003; Jackson et al., 2010), we later assessed the
effect of nicotine on locomotor activity in both genotypes. The
same mice used for the 5-CSRTT experiments were subcutane-
ously administered either 0.03 or 0.3 mg/kg nicotine in a random
balanced order, and locomotor activity was measured over a 40
min span as described in Materials and Methods. We measured
general motor activity (Fig. 6A, Total beam breaks) in addition to
the number of times that the mouse crossed the full length of

Figure 6. Acute nicotine administration inhibits locomotor activity in WT mice expressing the �5 subunit mice at 0.3 mg/kg but
not at 0.03 mg/kg. General locomotor activity (A, Total beam breaks) and the number of times that mice crossed the full length of
the monitoring cage (B, Beam lengths) were measured for 40 min after nicotine administration. For both measures, there were
significant effects of nicotine (two-way repeated-measures ANOVA, p	0.02), genotype ( p	0.03), and the interaction between
nicotine and genotype ( p 	 0.004). The genotype difference was evident at 0.3 mg/kg nicotine only (Bonferroni’s post hoc test,
p 	 0.05). There was a significant effect of nicotine for both measures within the WT group (one-way ANOVA, p 	 0.0002) but not
in the �5 �/� group ( p � NS). For WT mice, locomotor activity after administration of 0.3 mg/kg nicotine was significantly
different from that after administration of either saline or 0.03 mg/kg nicotine (Bonferroni’s post hoc test, *p 	 0.05), which were
not different from each other ( p � NS). Values are shown as mean � 1 SEM.

Table 2. Performance on the 5-CSRTT after saline or nicotine administration

Number of trials Percentage accuracy Percentage omissions Premature*** Correct latency (s)*** Reinforcer latency (s)

WT a5 �/� WT �5 �/� WT �5 �/� WT �5 �/� WT �5 �/� WT �5 �/�

Saline 66.3 � 5.4 71.2 � 6.9 69.5 � 2.4 60.4 � 2.5* 53.9 � 4.7 53.2 � 2.6 2.5 � 1.0 3.2 � 0.7 0.74 � 0.05 0.79 � 0.06 1.67 � 0.11 1.59 � 0.04
Nicotine 71.0 � 6.2 78.9 � 6.1 64.9 � 2.2** 59.7 � 2.7 49.3 � 4.2 50.9 � 3.4 3.9 � 0.7 5.1 � 1.1 0.69 � 0.03 0.66 � 0.03 1.62 � 0.07 1.70 � 0.17

Data are presented as mean � 1 SEM. *p 	 0.05 compared with WT mice after saline treatment. **p � 0.005 compared with WT mice after saline treatment. ***p 	 0.05 for an overall effect of nicotine. Accuracy measures are also depicted
in the graph in Figure 5B.
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monitoring cage (Fig. 6B, Beam lengths). For both measures,
two-way repeated-measures ANOVA found significant effects of
nicotine ( p 	 0.02), genotype ( p 	 0.03), and the interaction
between nicotine and genotype ( p 	 0.004). Bonferroni’s post
hoc test found a significant effect of genotype at 0.3 mg/kg nico-
tine only ( p 	 0.05). One-way ANOVAs performed for each
genotype found a significant effect of nicotine for both measures
in WT mice ( p 	 0.0002) but not in �5�/� mice ( p � 0.7). For
WT mice, Bonferroni’s post hoc tests found that locomotor activ-
ity after administration of 0.3 mg/kg nicotine was different from
that after administration of either saline or 0.03 mg/kg nicotine
( p 	 0.05), which were not different from each other. Together
with the data in Table 2, the locomotor results suggest that the
0.03 mg/kg concentration of nicotine used in our 5-CSRTT ex-
periment may have relatively selective effects on aspects of atten-
tional performance; however, administration of higher acute
concentrations of nicotine risks locomotor sequelae in WT mice.

Discussion
This study represents a novel demonstration that attention cir-
cuitry and accuracy are significantly influenced by the �5 nico-
tinic subunit. This conclusion is based on a series of functional
and pharmacological experiments performed using slice electro-
physiology and cognitive performance in wild-type and �5�/�

mice. We found that presence of the �5 nicotinic subunit greatly
enhances the ability of ACh to excite layer VI pyramidal neurons
of the mPFC by increasing its efficacy and by conferring a
monophasic high-affinity response to cholinergic stimulation.
Next, we examined neuronal responses to nicotine and found
that the presence of the �5 subunit enhances the inward current
elicited by nicotine and allows it to persist under conditions of
prolonged stimulation. Consistent with the ability of �5 subunits
to enhance nicotinic excitation at the neuronal level, we then
demonstrated that the presence of the �5 nicotinic subunit en-
hances attention in mice under challenging conditions that
would require optimal performance of attention pathways. Inter-
estingly, presence of the �5 nicotinic subunit makes the accuracy
of wild-type mice vulnerable to nicotine exposure, suggesting
that the fully enhanced, phasic, and nondesensitized excitatory
response to ACh within layer VI of the mPFC is important for
normal attentional performance under challenging conditions.
Our combined electrophysiological and behavioral results thus
demonstrate a previously unknown role for the nAChR �5 sub-
unit to influence signaling within attention pathways and suggest
this relatively restricted receptor isoform as a potential therapeu-
tic target for attention-related disorders.

Implications of �5 nicotinic subunits for cholinergic
stimulation of prefrontal neurons
Here, we show that the �5 accessory subunit has a major influ-
ence on �4�2* nAChRs in whole neurons of prefrontal attention
circuits. Our research allows us to describe not only the func-
tional properties of �5-containing layer VI nicotinic currents but
also the nicotinic currents that are present after genetic deletion
of this subunit. We find that the �5 subunit in layer VI neurons
confers a monophasic, high-affinity response to ACh and that its
deletion results in a biphasic response to ACh with a small high-
affinity component and a large low-affinity component [likely
with �2 and �4 accessory subunits, respectively (Gotti et al.,
2009)]. These �5�/� results are relevant to understanding �4�2*
nicotinic receptors in human attention circuitry in the presence
of the �5 D398N polymorphism, which results in reduction of its
characteristic function (Bierut et al., 2008). Our concentration–

response findings show that the activation of �4�2�5 nicotinic
receptors in intact neurons can be accurately modeled in reduced
preparations (Moroni et al., 2006; Kuryatov et al., 2008;
McClure-Begley et al., 2009). The monophasic activation curve
in the wild-type mice suggests that recorded neurons in our prep-
aration contain �5 accessory subunits in a high percentage, if not
in all �4�2* nAChRs. This contrasts greatly with immunopre-
cipitation analyses suggesting that only 14 –16% of �4�2*
nAChRs in the whole cerebral cortex contain the �5 subunit
(Brown et al., 2007; Mao et al., 2008), suggesting that layer VI
neurons contain a disproportionate level of the unusual
�4�2�5 subtype of nicotinic receptor.

Nicotinic �5 subunits appear necessary to allow a low concen-
tration of nicotine to activate nicotinic receptors in prefrontal
attention circuitry with prolonged and repeated exposures. This
finding differs sharply from that predicted by previous work in
reduced preparations in which the presence of the �5 subunit ap-
peared to enhance desensitization of �4�2* nAChRs (Ramirez-
Latorre et al., 1996; Kuryatov et al., 2008). Nicotine-induced
desensitization is a complex process involving alterations in receptor
conformation and phosphorylation (Quick and Lester, 2002) that is
likely differentially regulated in neurons compared with non-
neuronal expression systems.

Implications of �5 nicotinic subunits for behavior
What are the behavioral sequelae of the enhanced, excitatory
nicotinic currents in layer VI pyramidal neurons of the mPFC?
Cholinergic excitation in mPFC is important for attention (Pas-
setti et al., 2000; Parikh et al., 2007). By using mice genetically
manipulated for a rare but seemingly important nicotinic sub-
unit, we suggest that the endogenous ACh responsivity of layer VI
neurons in mice expressing the �5 subunit (Figs. 1, 2) is required
for normal performance in the 5-CSRTT under challenging con-
ditions (Fig. 5A). We are mindful that mRNA for the �5 subunit
is expressed in several additional discrete regions of the adult
brain (Wada et al., 1990; Salas et al., 2003; Winzer-Serhan and
Leslie, 2005). Of these brain regions, however, the mPFC is most
likely directly responsible for attention in the 5-CSRTT (Muir et
al., 1996; Chudasama et al., 2003). There is a dense band of �5
subunit expression in layer VI (Wada et al., 1990; Marks et al.,
1992; Salas et al., 2003; Winzer-Serhan and Leslie, 2005), and this
main corticothalamic projection layer gives feedback to the thal-
amus that is important in attention (Gabbott et al., 2005; Ziko-
poulos and Barbas, 2006). Although there is also expression of the
�5 subunit in a small subset of inhibitory cells in prefrontal cortex
(Porter et al., 1999; Christophe et al., 2002), recent work in mice
suggests that manipulations of GABAergic transmission alter im-
pulsivity instead of accuracy (Oliver et al., 2009). In our 5-CSRTT
experiments, measures of impulsivity (premature responses), re-
action time (correct latency), and motivation (reinforcer latency)
were not altered by genetic deletion of the �5 subunit, suggesting
that reduced accuracy of responding was not secondary to alter-
ations in these other behavioral processes. A potential confound-
ing factor after genetic manipulation is the compensatory
upregulation of related genes. Analysis of the �5�/� mouse used
in our study found that they express normal mRNA levels for
nAChR �4, �6, �7, �2, and �4 subunits, in addition to having
normal binding levels for [ 125I]epibatidine (labeling non-�7
nAChRs) and for [ 125I]�-bungarotoxin (labeling �7 nAChRs), in
every brain region examined (Salas et al., 2003). However, future
work is necessary to appreciate the developmental consequences
of �5 subunit deletion on attention circuitry and performance
(King et al., 2003; Kassam et al., 2008; Heath and Picciotto, 2009).
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In human studies, nicotine benefits attentional performance
in subjects dependent on nicotine (Parrott and Roberts, 1991;
Warburton and Arnall, 1994; Dawkins et al., 2007) and in patient
populations having impaired attention (Newhouse et al., 1988;
Zabala et al., 2009). However, the effects of nicotine on attention
in healthy nonsmoking subjects are less clear (Newhouse et al.,
2004). Nicotine generally increases processing speed across stud-
ies; however, although some studies found improvements in at-
tentional performance accuracy (Wesnes and Warburton, 1984;
Mumenthaler et al., 1998; Levin et al., 1998), other studies found
no change (Le Houezec et al., 1994; Kleykamp et al., 2005) or
impairments (Heishman et al., 1993; Foulds et al., 1996; Heishman
and Henningfield, 2000) in performance accuracy. It is interesting
that the reduced latency to respond to the light stimuli observed in
our mice when treated with nicotine is consistent with the faster
processing speed observed in many human studies. However, our
results and that of Pattij et al. (2007) suggest that acute nicotine does
not improve attention in mice, whereas nicotine can improve
attentional performance in rats under certain conditions (Mirza
and Stolerman, 1998; Hahn et al., 2003; Day et al., 2007), suggest-
ing possible species differences. Indeed, the complexity of the
effects of nicotine on rodent neuropharmacology and behavior
are widely accepted (Picciotto, 2003).

In combination with our electrophysiological data, we inter-
pret our finding that acute nicotine decreased accuracy in 11 of 12
wild-type mice to suggest that, to be detected above tonic back-
ground “noise,” there may need to be a minimum threshold of
phasic ACh “signal” to excite layer VI mPFC neurons for normal
attention performance under challenging conditions. Acute nic-
otine exposure may interfere with optimal performance in the
wild-type mice by (1) increasing baseline noise through tonic
activation of nicotinic receptors, (2) decreasing the phasic signal
through partially desensitizing the response to ACh, or (3) a com-
bination of these effects. In line with this hypothesis, the lower
optimal performance of the �5�/� mice with or without nicotine
may result from phasic ACh excitation of layer VI neurons that is
always below an important threshold.

The clinical implications of our findings are significant. Hu-
man imaging studies show that nicotine from one cigarette can
remain bound to prefrontal �4�2* nAChRs for hours (Brody et
al., 2006), which has been widely interpreted to suggest that all
receptors in this class would be desensitized to nicotine and ACh
during this time. However, our findings show that prefrontal
layer VI �4�2* nAChRs containing the �5 subunit may be per-
sistently activated by bound nicotine and remain partially re-
sponsive to ACh neurotransmission. A number of very recent
genetic studies in human have found that the risk for, and
strength of, nicotine addiction are statistically linked with single
nucleotide polymorphisms in the �5 subunit gene CHRNA5
(Bierut et al., 2008; Schlaepfer et al., 2008; Stevens et al., 2008;
Weiss et al., 2008; Saccone et al., 2009; Caporaso et al., 2009),
including a nonsynonymous coding polymorphism that reduces
the function of �5 subunit-containing nicotinic receptors (Bierut
et al., 2008). The strength of the link between polymorphisms in
the CHRNA5 gene and human addiction has been suggested to
arise from a cognitive behavioral profile, including deficits in
sustained and selective attention, that promotes early experimen-
tation with drugs and alcohol (Rigbi et al., 2008; Schlaepfer et al.,
2008; Weiss et al., 2008) that may be explained mechanistically by
our finding that the �5 subunit is required for normal attentional
control. The �4�2* nAChR is currently under consideration as a
therapeutic target for a number of indications, including atten-
tion deficit hyperactivity disorder, depression, Alzheimer’s dis-

ease, and Parkinson’s disease (Taly et al., 2009), all of which are
associated with impaired attention (Newhouse et al., 2004;
Wisco, 2009). Therapeutic intervention to enhance activity of �5
subunit-containing �4�2* nAChRs may be an efficient manner
in which to treat attentional dysfunction across a number of psy-
chiatric and neurological disorders.
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